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Chapter 1: 
Introduction 
The advantages of high energy electron scattering as a tool to study nu-
clear structure have recognized and pointed out in past^'^. These advantages 
stem from the fact that the incident electron interacts with the nucleus via 
the well known and relativly weak electromagnetic interaction and that, for 
light nuclei, the electron-nucleus scattering seems to be reasonably well de-
scribed by the first Born approximation. Unfortunately, for medium and 
heavy nuclei, this procedure fails. It is well known that electron scattering 
cross sections for a given nucleus are directly related to its spatial charge 
distribution. In the low momentum transfer region this cross section is dom-
inated by the monopole scattering, and within the first Born approixmation 
it is propotional to a from factor which is the Fourier transform of the charge 
distribution. Thus we note that the results of electron scattering experiments 
contain valuable infromation on distribution of the nuclear charge density. 
However, despite the fact that electron scattering provides useful informa-
tion about the distribution of protons, one may not investigate directly other 
situations such as the matter densities and the correlations. 
It has long been argued^ that medium and high-energy hadron scattering 
experiments could be more useful for investigating the structure of nuclei. 
At such energies many of the complications of low energy nuclear scattering 
are no longer present and there exist fairly rehable theoretical frameworks 
for analysis which connect the directly measurable hadron-nucleon scattering 
amplitude to the hadron-nucleus one in a mathematically tractable way. Fur-
ther, hadrons, in contrast to electromagnetic probes, interact strongly with 
constituents of nuclei and moreover the momentum transfer involved is fairly 
large. Thus, provided the relevent information about the elementary ampli-
tude is available, analyses of these experiments are expected to shed light on 
such interesting questions as the distribution of neutrons, the two-body and 
higher order correlations and the range of validity of a nuclear model. 
In the hope of discovering more about the structure of nuclei the Brookhaven 
group^, performed some very interesting scattering experiments with 1 GeV 
proton beams. These were followed by high resolution experiments from the 
Saclay^ and the Leningrad^ groups which not only covered a larger momen-
tum transfer region but also a wider spectrum of target nuclei. The UCLA''^  
group has also entered race and thanks to their efforts, we now have an im-
pressive array of medium energy proton scattering data in the energy range 
0.5 to 1.5 GeV on a number of target nuclei. 
On the theoretical front the scattering formalism which has been exten-
sively used in the analysis of high energy scattering data is the multiple scat-
tering theory proposed by Glauber^ many years ago. The Glauber multiple 
scattering model provides a fairly successful theoretical tool for investigating 
the nucleon-nucleus scattering data at intermediate energies^"-"^ .^ One of the 
attractive features of the model is that it allows the microscopic description of 
the nucleon-nucleus scattering in terms of the NN elastic scattering amplitude 
which can be measured rather directly. In the early scattering calculations 
by means of the Glauber model, the simple Gaussian parameterization for 
the NN amphtude 
/^iv(g) = ^ ( l - ^ p ) e - ^ ^ ' ' ^ / ^ (1) 
has been extensively used, where k is the incident momentum in the NN 
centre-of-mass system , a is the NN total cross section, q is the momentum 
transfer, p is the ratio of the real to the imaginary parts of the forward 
amplitude /Afiv(O), and 0^ is the slope parameter. The amplitude (1) assumes 
a constant phase at all values of q^. It was found that the Glauber model 
calculations with proper values of the parameters in (1) could satisfactorily 
reproduce the proton-nucleus differential cross section data upto the then 
available momentum transfer region. 
Since then the experimental situation has impioved considerably. We 
now have a sufficient data on proton-nucleus differential cross section, po-
larization and spin-rotation function with good accuracies, which not only 
cover a large momentum transfer but also a variety of target nuclei^ '^^ ^. On 
theoretical front, it seems at first that Glauber model may not be a proper 
choice for studying the experimental data at large momentum transfers, as 
its formulation is hmited to high energy and small momentum transfers. 
However, once we accept that the low energy limit and the high momentum 
transfer range is not very well defined in Glauber model, it seems reasonable 
to use this model at large momentum transfers also, provided its basic in-
gredient ( NN amplitude) reproduces the available NN scattering data nicely 
at the corresponding energy. Unfortunately, the amplitude (1) fails to ac-
count for the NN cross section data upto the available momentum transfer^^, 
our main focus in this work is to improve upon the NN amplitude and see if 
the situation at large momentum transfers in proton-nucleus scattering could 
be better understood in terms of a better choice of the NN amplitude. In 
this context, it may be mentioned that an eflfort has aheady been made^'' 
in which Sugar-Blanckenbecler eikonal expansion for the T-matrix is used to 
obtain a non-eikonal (spin-independent) expression for the NN amphtude. 
It is found that the non-eikonal amplitude describes successfully the elastic 
NN differential cross section data at '^ 1 GeV in a wide range of angles. 
The (non-eikonal) NN amplitude so obtained is used by Antonov et. al.-^ ^ 
to study the elastic scattering of 1.04 GeV protons on '^°Ca in the frame-
work of Glauber model. It is found that the non-eikonal effects are not only 
important at large momentum transfers but also around the first diffraction 
minimum. This clearly indicates the importance of the non-eikonal behaviour 
of the NN amplitude in any realistic study of the proton-nucleus scattering 
data. However, definite conclusions regarding the non-eikonal behaviour of 
the NN amplitude can not be made since the analysis^^ does not take into 
account (i) the spin-dependence of the NN amplitude, and (ii) the nuclear 
many body correlations, which may be important in the Glauber model cal-
culations due to the involvement of the multiple scatterings. Thus keeping 
in view the limitations of the above mentioned analysis, and the demand 
of the available proton-nucleus scattering data at intermediate energies, it 
seems important to obtain the non-eikonal (spin-dependent) NN ampHtude 
and work within the framework of Glauber model with nuclear many body 
correlations to be able to get more reliable information about the non-eikonal 
effects in proton-nucleus scattering. 
Another intresting point of this work is the phenomenological discussion 
of the phase variation in the non-eikonal NN amplitude, which has drawn 
considerable interest in the past^ -^-^ ^"^ .^ This is mainly due to the failure 
of the Glauber model to reproduce the differential cross section in the high 
momentum transfer region^^ with the amplitude (1). Long ago. Franco and 
Yin^^ showed that introducing a global phase variation in the NN amplitude 
significantly improves the Glauber model calculations of a elastic scattering 
from light nuclei at the incident momentum 1.75 (GeV/c)/nucleon in the re-
gion of high momentum transfer. These authors introduced a phase variation 
proportional to q^ by setting /3^ in (1) to be complex 
/3^ -^ /5^ + il, (2) 
and treating the 7 as a free parameter. The other three parameters a, p and 
0^ were all obtained from NN scattering measurements. Later Auger, Lom-
bard and their collaborators^^'^° have also demonstrated that such a phase 
variation helps in improving the calculations of the spin observables of p -
'^He elastic scattering at 800 MeV. A few years ago Ahmad and Alvi^ ^ argued 
that a phase variation in the NN amplitude is in fact a direct consequence 
of non-zero value of the parameter p in amplitude (1). Moreover, they have 
also removed the ambiguity in the sign of 7 and suggested that its value 
is positive and is not as large as required for fitting the a scattering data. 
Following these works, Wenying and Youyan^^ have performed calculations 
for p -^^O and p -^^Ca differential cross section, polarization and spin rota-
tion function at 800 MeV, within the framwork of Glauber model. They also 
found that the introduction of a global phase in the NN amplitude improves 
the theoretical calculations. 
Encouraged by the successes mentioned above, we propose to construct 
the non-eikonal (spin-dependent) NN amplitude ( SNE ) using the approach 
as developed in ref. [16]. The SNE consists of six adjustable parameters, the 
values of which are obtained by fitting the available NN elastic scattering 
data. Following Franco and Yin^^, a phase variation of the SNE can be 
introduced by Multiplying it with the phase factor e"*'''^ /^^ , which, in general, 
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can not be obtained directly from the NN scattering measurements. To test 
the usefulness of SNE with a phase variation, we analyse the differential 
cross section, polarization, and spin-rotation function of ~ 1 GeV protons on 
'^He. The analysis is based upon the correlation expansion of the Glauber 
amplitude ^^ , the first term of which corresponds to the well known optical 
limit result, while the others depend successively upon the two- , three- , 
and many-body densities of the target nucleus. In the following, we content 
overselves by considering upto the two-body density term, which is found to 
be the leading correction term^^ to the optical limit results. 
In chapter 2 we describe the Glauber scattering theory^. In chapter 3, 
we discuss the parameterization of the non-eikonal (spin-dependent) NN am-
plitude. Chapter 4 consists of a review of the correlation expansion of the 
Glauber amphtude^^. The calculations are performed for p-^iJe elastic scat-
tering. The numerical results are presented and discussed in chapter 5. 
Chapter 2: 
Glauber's High Energy Collision 
Theory 
(a) High Energy approximation for the scattering by a static potential 
Let us start by assuming that the incident particles are scattered by a 
static force field which may be represented by a potential V(r3 • The energy 
of the incident particle of mass m is taken to be 
E = n?ky2m, (3) 
where k denotes the momentum of the incident particle. The scattering 
problem involves the solution of the Schrodinger equation^ 
9777 
{V' + e) V (^r) = | ^ V{r) ^ ( r ) , (4) 
subject to the boundary condition that the wavefunction of the system ip{f) 
behaves asymptotically as 
iP{f) —^ e'^ -^ ^ + f{9) — , {as r^oo) (5) 
that is the sum of the incident plane wave and an outgoing spherical wave 
with scattering amplitude f(^). It can be easily shown that the solution of 
equation(4) satisfying the proper boundary condition(equation(5)) may be 
given as 
i/;(f) = e'^ "- + JG{f-r') Vif') iP{r) dr', (6) 
where 
47r/i ^ _ ^ ' 
Now the scattering amplitude, which may be obtained from the asymptotic 
form of equation (6), for scattering from the direction ^ to a dhection k' is 
^Here it is assumed that the incident particle obeys the non-relativistic dynamics. 
given by 
/&fcO = - | ^ je-'''-'V{r) i>{r) dr. (8) 
It is clear from equation (8) that the wavefunction '0(^ is needed only in 
the region where V(r) 7^  0 in order to have an accurate evaluation of the 
scattering amplitude. 
We thus see that our scattering problem involves the solution of the 
Schrodinger equation in the nonzero potential region. However, in general, 
the Schrodinger equation can not be solved exactly by analytical method, 
therefore some approximation method is called for obtaining the scattering 
amplitude. 
In the following we give a brief account of an approximation method for 
solving the high energy scattering problem as developed by Glauber^. The 
method, as we shall see, provides one to estimate correctly the intensity of a 
predominant part of the scattering. 
We initiate the discussion of the approximation method by writing the 
integral equation (6) for the scattering of a spinless particle from a static 
potential as 
Now if the energy E of the incident particle is very large as compared to 
the magnitude of the interacting potential V{r): ^ < < 1 and that the value 
of E is such that the associated wavelength is much smaller than the range 
of the potential a : ka » 1 then we are justified in assuming that the 
backward scattering would be very small. Under such conditions we expect 
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the wavefunction •0(r) to be of the form 
^ ( ^ = ^k.P ^(^^ (10) 
which is the product of the incident plane wave and a function v(f) which 
varies slowly over a particle wavelength. Substituting equation (10) in equa-
tion (9), we obtain the following 
1m r p'^^ I ^~'^'\~ ik.(r-r') _ _ _ 
(^^ "^  = 1 - r ^ / — ^ - ^ — ^ ( " ' ) ^(^') ^^'- (11) 
Defining a new position variable r" by 
r^ ' = f - ?, (12) 
the above equation may be written as 
2m r e^^^'^"~ *^ -'"") - -> -> 
v(r) = l ^ / • • V(f-r") v(r-r") dr". (13) 
Now if we assume that the function ^{f) and v(f) both vary slowly in a 
particle wavelength, the regions in which the exponential oscillates rapidly 
may be expected to reduce the contribution of the integral on the right 
hand side considerably. If we consider points r which lie within the volume 
occupied by the potential, the maximum contributions to the integral will 
come for values of r" lying close in direction to A;, since for these values the 
exponential is nearly constant. 
To be more explicit, let us assume that the functions V(f) and v(f) vary 
appreciably only within a distance d. Pending a detailed discussion on d, we 
for the time being assume it to be much larger than A/27r(= 1/A;). Integrating 
11 
the right hand side of equation (13) over the angular variables by parts we 
have 
v{f)^l+ / dr" V{f-r") v{r-r") + 0 — , (14) 
It J %K -, \KCLJ 
where 
jj, = cos{k.r") 
The terms neglected by the asymptotic approximation are, as indicated, of 
relative order 1/kd. The limit /x = — 1 corresponds to the points r" antipar-
allel to k. Since in this case the exponential varies rapidly the contributions 
of the fj, = —I term is of order 1/kd and is therefore negligibly small. As a 
first step, therefore, we are neglecting the backward scattering. We are thus 
left simply with the term corresponding to r" parallel to k, 
v{r} = l~-^ J V{f-r") ^^(f-r")|^,||fe dr", (15) 
where v is the velocity of incident particle. 
The appearance of the above equation is somewhat simpler in cartesian 
coordinates. We choose the positive z-axis to lie in the direction of propaga-
tion k, thus obtaining 
v{x, y,z) = l-— I V{x, y,z- z")v{x, y,z- z")dz" 
/•oo 
/ V{x,y,z')v{x,y,z')dz'. (16) 
Jo 
I /-oo 
The solution of equation (16) is seen to be 
v{x,y,z) = e-^ roc^(-.^'-') d^\ • (17) 
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so that the approximate wavefunction is 
ij{x, y, z) = ^'-^^ ^-- ''^ "•^ •^ ') '^', (18) 
Recalhng the scattering state boundary condition that at larger distances 
the wavefunction should consist of the incident plane wave and an outgoing 
spherical wave. We see that wavefunction (equation 18) is missing a good 
many of the things, e.g., a spherical outgoing wave. But it should be remem-
bered that the arguments leading to equation (18) are intended to hold only 
within the volume occupied by the potential. The expression (18) therefore 
need not represent the wavefunction for larger distance. Fortunately, as is ev-
ident from equation (9), it is only necessary to know the wavefunction within 
the range of the potential in order to calculate the scattering ampHtude. 
Before evaluating the scattering amplitude, it will be convenient to define 
certain coordinate vectors. Let k be the unit vector. 
1^1 = 1 
pointing in the direction of the incident propagation k which, as before, will 
be taken to lie along the positive z-axis. Then any position vector fmay be 
resolved as 
f=b + kz, (19) 
where bis the impact vector lying in a plane perpendicular to k (fig.l). With 
this notation, the wavefunction i/j{f) assumes the form 
Next substituting the above wavefunction into the expression (9) for the 
13 
scattering amplitude, we obtain 
f{k, k') = - ^ J e'^'-''^-^'+'^\V{b + kz)e-^ /-=» ^ ('^ +^ '^) ''' dz S%. 
where dP'^^b denotes the integration over the plane of the impact vectors. The 
above expression may be rewritten in the following form, 
2m 
(22) 
Now, energy conservataion requires. |A;'| = \k\ so that for small scattering 
angles the vector (^ — k') is nearly perpendicular to the beam direction k. In 
fact, the error of approximating the exponential exp[i(^— k').kz\ by unity is 
only of order (l-cos^)A;d '^ ^^kd where 9 is the scattering angle and d is the 
distance within which V and v vary appreciably. Further, the quantity ^^kd 
should be much smaller than unity i.e. 
e'^kd « 1. 
With this simplification, the z integration is simply that of an exact differ-
ential and leads to 
f[k, k') = ±-, f e-<^-^')-^ \e^ Too n^+k^')d^' _ i] d% . (23) 
This is the basic result for the elastic scattering amplitude of a spinless 
particle from a static potential V(f). 
For potentials with azimuthal symmetry we may further integrate the 
angular part in equation (23), the result is 
f{q) = ik Jo(qb) 1 - e'^^''^ b db. (24) 
J \j 
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where q ^ k - k' is the momentum transfer vector, Jo is the zeroth order 
Bessel function and 
x{b) = -^J_^V{b + kz')dz' (25) 
is called the phase shift function. 
It will be convenient to abbreviate these formulas by defining what is 
generally termed as the profile function 
r(b) = 1 - e'^ (^ ) (26) 
Then the scattering amplitude for the momentum transfer hq is just the 
two-dimensional Fourier transform of r(^): 
m = ^ I e^'-'nb) S% (27) 
The inverse Fourier transform of equation (27) is 
r(6) = ^/e-^^' '-V(g^)rf(^)g' (28) 
where S'^^q' is a two-dimensional element of integration in a plane perpen-
dicular to k. 
In the absence of any fundamental theory of particle interaction, the phase 
shift function x{b) and the profile function cannot in general be predicted: 
They are, in effect, no more than alternative way of writing the scattering 
amphtude. They can, however, be very useful in treating scattering by many 
particle system. 
So far we have not said much about the approximations that have been 
used in deriving the expression (24) for the scattering amplitude. We shall 
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now take a close look at the accuracy and the limitations of the above ap-
proach. 
In the above derivation we have used the fact that if V and v are slowly-
varying function of •f and vary appreciably only over a distance d, we may 
consistently neglect terms of order 1/kd. This raise the natural question as 
to what is the distance d. 
To investigate this let us assume as before that the potential varies appre-
ciably over a distance a. According to equation (17), v(r) varies appreciably 
over the distance Uv/V. Evidently, the distance d is, in order of magnitude, 
the smaller of these, i.e., for 
Va/Uv < 1 
we have 
d ~ a 
and for 
Va/m > 1 
we have 
d rsj hv/V 
In either of these cases we evidently require both the conditions 
ka » 1 and V/E « 1 (29) 
Next in order to find the angular range of the approximation we use the 
limitation 
e'^kd « 1 
Therefore, for 
Va/hv < 1 
16 
we see that the approximation is consistent for only angles smaller than the 
angle of order of magnitude 1/ykd; 
hence 
6<0 (^fljkd) for (Va/hv < 1) (30) 
On the other hand, for 
Va/hv > 1 
we have 
9<0 (\/VJE\ {Va/fiv > 1) (31) 
Both of these according to our assumptions, equation (29), are indeed smaU 
angles. However, it is important to note that nearly all of the scattered 
intensity is concentrated, in both case, at angles which are much smaller 
still, i.e., for 
Va/hv < 1, 
it is clear from the Born approximation that an average angle of scattering 
is 
(e) ~ l/ka , (Va/hv < 1), (32) 
while for 
Va/hv > I the W.K.B. method shows 
{Q)^V/E , {Va/hv > I). (33) 
In both extremes the typical scattering angles are well within the angular 
range of the approximation. These inequalities have a most important con-
sequence. They allow the approximation to furnish satisfactory estimates of 
total cross section inspite of its limited angular range. 
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(b) Glauber multiple scattering theory 
In the previous section we have considered the problem of potential scat-
tering and obtained the basic result for the scattering amplitude. We now 
generalize the potential approach for a system of particles. Although, the 
present discussion is specialised to intermediate and high energy nucleon-
nucleus scattering, yet the method is quite general and can be profitably 
applied to other appropriate situation. For example, the method has been 
applied to study the scattering of an electron from an atom and has been 
found to be quite successful. 
Let us begin the discussion by considering collisions of the incident nu-
cleon with nuclei in terms of encounters with the constituents in the target 
and ignoring the spin and i-spin degrees of freedom of nucleons. The incident 
nucleon on entering the nucleus may collide with a single target nucleon, 
or with many in succession. The problem is complicated by the fact that 
the range of interaction of the incident particle with a nucleon may not be 
smaller than the distances which separates nucleons in the nucleus. It will 
often happen, therefore, that the incident particle interacts strongly with 
several nucleons at once. The general treatment of such problems by means 
of multiple scattering theory is well known to be rather complicated. It is at 
this point that the use of diffraction theory leads to great simplification. 
In the elementary diffraction theory which we have described in the last 
section, the phase shift brought about by a nucleon is the same as if the in-
teraction region surrounding it were a medium with an appropriately chosen 
complex refractive index: the interaction region absorbs, perhaps apprecia-
18 
bly, and refracts slightly as well. We may imagine then that, as in optics, 
when a wave passes through two or more such regions, the changes which 
take place in its amplitude are multiplicative. If that is true, than we need 
not know the detailed structure of the individual interaction; the total com-
plex phase shift of the incident wave is simply the sum of those produced by 
the mdividual nucleons. 
To be more specific, let us assume that a set of A nucleons occupy 
fixed positions Si, §2, SA relative of the axis of collision.(The vectors 
Si,S2-, SA are projections of the position vectors of nucleons on a plane 
perpendicular to k : (fig. 2). We write the phase shift of the wave after it 
has passed through the entire system as Xiv(^; <Si SA) since it depends on 
the positions of the nucleons, as well as on b. Our basic assumption is that 
the total interaction V/v(f'i, r'a) between the projectile and the target 
nucleus is the sum of the individual interactions betweeen the projectile and 
the target nucleons i.e. 
VNin, rA) = Y.V{ri) (34) 
This leads to, 
giXJv(b;5i, SA) _ gixi{b-Si)+ +iXAib-SA) /gg-j 
where Xj is the phase shift function for the j^^ target nucleon. 
If we define the profile function 
riv(6; ^1 SA) = 1 - e'^''^^'^'' ^^\ (36) 
for the entire set of nucleons, then we see that composition law for the profile 
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function is 
rN{b;Si SA) = 1 - n [l - r . - ( ^ - Sj)] (37) 
where Vj is the profile function for the f^ target nucleon. By expanding the 
product in equation (37), we obtain the sum 
TMib-Ji SA) = Er,-(&-5,) - Y: ri(6-Sj)rmib-s^) 
A 
+ Y, riib-Si)Vj{b-Sj)Tk{b-Sk) + A terms. 
i<j<k 
(38) 
This expansion plays quite a basic role in the multiple diffraction theory; the 
first term corresponds to the coherent scattering from A distinct nucleons, 
the second term describes the successive scattering fi-om two nucleons, and 
so on and so forth. 
The target nucleons are, of course, not fixed but moving in the initial state 
of the nucleus they are more or less free to recoil. The dynamical behaviour 
of the nucleons may be taken into account if we assume that the energies 
transferred in the elastic colhsion processes are negligibly small, and that 
the initial nucleon velocities do not alter the basic interactions. With these 
assumptions, it is not difficult to show^^ that the amplitude for collision in 
which the nucleus goes from an initial state \i) to a final state | / ) , is simply 
given by the matrix element of the function T;^f{b; Si SA) '• 
Ffiiq) ='^je'^-\f\VN{b;Si SA)\i)d'b. (39) 
The function Ti^{b\S\ SA) must be invariant under coordinate transla-
tions. Hence, if the states \i) and | /) take proper account of the centre-
of-mass motion of the nucleons, we will find that Ffi{q) contain a factor of 
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three dimensional delta function which, expresses the conservation of total 
momentum. The scattering amplitude which we measure is the factor which 
multiplies this delta function. It is easy to show that^^ this scattering ampli-
tude, let us call it Ffi(q), takes the same form the expression Ffi{q) would 
take for scattering by a nuclear system whose centre-of-mass is constrained 
to remain fixed at the origin. 
If (j)i and (()f are the internal wavefunction of the nuclear system for the ini-
tial and final states respectively, then we may write the scattering amplitude 
Ffi(q) in the form 
Fji{q)='^ j e'^-'rmW^ih-S, SA)U[rmjL^j)XldfrnS% 
(40) 
in which the delta function expresses explicitly the constraint upon the nu-
clear centre-of -mass. If we express the function Tj^ by means of the com-
posite law (37), we then have 
FM - TJ ^''-^ S ^ Wi\) [i - n/=i (i - r , (6- s^)) 
^U[rA)K\Y.ri)]ldrmcPh (41) 
For practical purposes it is convenient to express Ffi{q) in terms of the basic 
NN amplitude fj{q). This can simply be achieved through equation (28). 
The result is 
FM = §^ Je'^'-'Jm^j]) [l -n," (l -^Je-^'^^(^-'^^)fM)d^%)] 
xM[rm\E^imdrmd^'^b (42) 
If we expand the product in its integrand and examine the successive terms 
which result, what we find is a species of multiple scattering expansion. 
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It is worth noting, for example, that the same nucleon index never occurs 
twice in any of the multiple scattering terms and that in a nucleus with A 
nucleons, one never has more than A-fold scattering. These simplifications 
are present because the scattering is implicitly assumed to take place mainly 
in the forward direction. 
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Chapter 3: 
Non-Eikonal(spin-dependent) NN 
amplitude 
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The 1-2 GeV/c medium energies are of particular interest for the elastic 
NN scattering investigation. The main features of the high energy scattering 
are formed at these energies. This primarily concerns the differential elastic 
scattering cross section which exhibits at E as low as 2 GeV/c a pronounced 
diffraction peak at small angles and a slow fall-off at large angles.^^. The 
ususal theoretical study of the experimental situation at these energies is, in 
fact, a complicated phase-shift analysis^^ involving several tens of terms of 
the partial wave series expansion of the scattering amplitude. Because of this 
large number of terms the phase-shift analysis is not rigorous^^ and, at the 
same time, we suggest the apphcability of the eikonal concepts^'''. It is shown 
in ref.[28], however, that the corrections to the amplitude are substantial even 
at small scattering angles. The method of obtaining corrections employed 
in ref. [28,29] is based on a modification of the Sugar-Blanckenbecler eikonal 
expansion^° for the T matrix. Just as in ref.^ -^  the authors in ref. [17] have 
proceeded from the Sugar-Blanckenbecler eikonal expansion 
T = f + TGoAGoT, (43) 
where T is the eikonal scattering matrix and Go and Go are the free and 
eikonal Green functions, respectively, and 
A = G^' - G^' (44) 
is called the defect function. 
Iterating equation (43) yields an infinite series 
T = f + TGoAGof + TGoAGoTGoAGof + (45) 
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The first term in equation (45) is the eikonal on sheU matrix related to the 
profile function r{b) as 
(p'olTh) = - ^ ^ / d'b m expiip.b). (46) 
The profile function r(6) is expressed through the eikonal phase shift function 
X{b) 
r{b) = I - exp[2ix{b)]. (47) 
The other terms in equation (45) contain the eikonal off-shell T matrices 
which are obtained in an explicit form in ref.[32]. In the eikonal two-body 
Green function 
Go = \pn{Pn - P.)/m + if]]-', (48) 
the z-axis is the direction of the momentum pn — (1/2) (pb + P'o) where 
po and P'Q are the initial and final momenta of scattering. The momentum 
transfer is determined &s p = po — P'Q. The free Green function takes the 
usual form 
Go = -il/2m)[ipl-p') + iv]-' (49) 
Let us use the operator identity 
(x - ir])-^ = P{l/x) + Z7r5(a;), (50) 
where P{l/x) corresponds to the integration in the sense of the principal 
value, and then represent the eikonal Green function equation (48) as a sum 
(p'IGob) = {p'\GT\p) + i^'\&J^\v) (51) 
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The first term in equation (51) corresponds to th.e-5 shaped term in equation 
(50). In the momentum representation it can be written as 
{p'\Gr\p) = - ( ^ ) S^'HP' - P)S^'\Pn - p.). (52) 
Considering the approximation with all functions Go in the series of equation 
(45) replaced by GQ" determined by equation (52). The second term in this 
series is 
= j onmf\pi)off (Pl|Go|p2) (P2|A|P3) 
X {n\GT\PA) off{P4\f\p}ond% d%. (53) 
Substituting into equation (53) the expressions (49), (52), and also the defect 
function equation (44) in the momentum representation 
For the off-shell T-matrices using the explicit form of ref. [32]. The momentum 
space matrix element is given by 
on{kf\T\i)off = T{0,6i:A) 
= ! d%exp{-iA.b) J dzexp[-i/v / ^ dCVib, C)] 
xV{b,C)exp{i5iz) (55) 
where, A is the projection of kf~ki on the x-y plane and 5i = Ki^—q m ki—q. 
Incident momentum is given by g — | A , final momentum is given by g-|- | A . 
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and 
= J d% exp{-iA.b) J dz exp[-i/v fl^ dC V{b, Q] 
xV{b,C) exp{iSfz) (56) 
where 5/ — kjz — q ~ kf — q. 
Using the above expressions (55) and (56) for the off shell T-matrices in equa-
tion (53), upon integration we obtain the following expression for AiT"" : 
(p'olAiT-lpo) = -^'-^jd'b I d'9exp{-ip'o.b)exp{ipo.b')mrib') 
X / d%^exp[ip,^.{b - n^i^^f'f (57) 
Introducing 6^'^\b' — b) and integrating d^'^^b' we eventually arrive at 
(p^olAir-lpo) = -j^s'^l Jd'b expiip.b) T\b). (58) 
(p'olA^T^Po) = - 7 ^ 3 ^ - ^ / d ' b expiip.b) T-+\b). (59) 
1 ipo 1 
(27r)3 m 2 
For any term of AnT"" we may obtain the following relation^^: 
1 ipo 1 
(27r)3 m 2'^  
Hence, in the 5—approximation the total T°"'-matrix is written^^ as. 
T- = -f^'^gi;j<fle.piip.i) r--(J). (60) 
Considering another approximation for the two-body T-matrix. Using the 
operator identity 
GoAGo = - ^ - J ^ = Go-Go, (61) 
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we present the series (45) as 
T = f + f(Go - Go)f + f{Go - Go)f{Go - Go)f + (62) 
= T,+T2 
where, 
T i ^ T - TGQT + TGQTGQT. (63) 
Using the exphcit form of the eikonal off-shell T-matrices^^ and the relation 
(48) for the eikonal Green function Go we can obtain an exact expression, 
for any term of equation (63). The appropriate integrations will yield 
.(2) 
n ' = {p'o\-TGoT\po) 
(27r)3 m [ d^h exp{ip.b) [r(b) + [1 - r(b)]ln[l - T(b)]] (64) 
In ref.[33] it was demonstrated that formula (60) works well when describing 
the experimental data at \r{b)\ < 1. Hence, we expand the logarithm on the 
right-hand side of equation (64) to obtain 
1 ipo r ,.r .._r. ^ r^ +^ {p',\TGoT\po) (fb exp{ip.b) ^ (65) 
On the basis of equation (45) with (60) and (65) included, we can then obtain 
the expression for the T-matrix at |r(6)| < 1: 
Comparing formula (65) with (59) to reduce it to the form 
oo nn 
TGoT = -J2 
^1 " ( ^ + 1) 
2" 
AnT"" 
n=i nin + 1) T (Go AG°")T f{GQAGl'')f (66) 
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which is then used to obtain the expansion for GQ: 
oo nn 
^0 = - E -7—-frCGoAGDr fiGoAGD, (67) 
where the n*'^  term on the right-hand side contains n Green functions GQ"-
We then return to the starting eikonal expansion (45) for the exact T-matrix, 
using for Go the relation (67). Goiisidering 
( 00 nfe \ 
- E ^(^71) (^0^^")^ f{GoAG^)\ f. (68) 
Because of Go being present after the intermediate momentum integration, 
the multiphcation by the complex Go A, according to equation (49), (54), 
over the entire range of scattering angles is equivalent to the sign reversal on 
the right hand side of equation (68). As a result 
(p-.IA.rR) = ~j^,^ldH eMm) E ;;^^y (69) 
In complete analogy with this result we calculate the matrix element of other 
terms in equation (45) and eventually obtain the exact expression for the T-
matrix. 
1 ipo (^o\T\po) = -T^,'^ld'b expiip.b) (27r)3 m 
( 00 CO k \ 
r + E E ^''^''—''^V n ^ i(^ i+i) (70) 
i=i ki....k,=i i=i / 
To obtain the non-eikonal (spin-independent) NN amplitude we proceed 
as follows: 
The most general form of nucleon-nucleon interaction consists of five 
amplitudes^'*. A complete determination of these amplitudes is not possi-
ble from the available experimental data at intermediate energies. However, 
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if we limit ourself to spin zero(target) nuclei, the double spin-flip terms do 
not enter the analysis provided the spin spin correlation is neglected. Hence 
in the analysis of the scattering of nucleon from spin zero (target) nucleus, 
one may represent the nucleon-nulceon ampliude in the simplified form: 
fNNiq) = rNNio) + i{(tl^rn^y'^rNj,{q) a.h, (71) 
where f^^{q} and f^i^{q} are the central and the spin dependent parts of 
the NN amplitude , a is the spin operator of the incident nucleon, and h is 
the unit vector normal to the scattering plane determined by {ki x kf) with 
—* —* 
ki and kf as the initial and final momenta of the incident nucleon. 
The amplitudes /^^y and / ^ ^ are usually parameterized in the form^^ 
(hereafter referred to as the one-term amplitudes): 
ika 
A-K 
•D{1 - ip) 
.-^wn (72) 
The one term amplitude equation (72) leads to the following expression for 
the central and spin dependent parts of the profile function: 
T<'\b) = \a{l - ip)/A-KP^] exp{-by2P^) (73) 
with equation (73) the evaluation of the terms in equation (70) leads to the 
following expression for the non-eikonal forms of the /^^^ and f^^^: 
ik 
Ln=0 
(74) 
where, 
A A, •n+l + 
A, 
+ n{n + l) ( n - l ) n ( n - 2 ) ( n - l ) 
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^ ' r iT + + ^ P^ ) 
with Ai = 1 
The profile function T is connected to the one-term ampHtue equation (72) 
as follows 
With equation (72) and (76), equation (74) gives^^ 
n=0 2(n + l) 
(77) 
Here it may be noted that for n=0 the above forms of /^^^ reduce to the 
usual one-term amplitudes equation (72). Using (77) into (71), one gets the 
following non-eikonal (spin-dependent) form of the nucleon-nucleon ampli-
tude, which will be used to see the effects of non-eikonal behaviour of NN 
amplitude on nucleon-nucleus elastic scattering: 
ika °° fNNiq) = -^Y.^n+i[ 
n=0 
a Y{l-ip) n+l 
4:1V ^,---''\A7rP^ -exp 
+ i{qy4m'Y/' 
n + l 
1„2 
-P'Q 
+ 2(n + l)_ 
47r/5; n + l exp 2(n + l) a.n] 
(78) 
The amplitude equation (78) has six adjustable parameters a, p, P'^, Ds, 
Ps and 01, the values of which are chosen under the conditions that (i) the 
optical theorem be valid, (ii) the ratio Re /ArAr(0)//m/;viv(0) be equal to the 
experimental value, and (iii) the experimental elastic differential cross section 
and polarization data be correctly reproduced. Finally, a phase variation 
proportional to q^ can be introduced in the NN amplitude equation (78) by 
multiplying it by e"*'^ '' /^. 
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Chapter 4: 
Correlation expansion for the 
Glauber amplitude 
33 
According to the Glauber scattering theory, the scattering ampUtude de-
scribing the elastic scattering of a proton with momentum k from a target 
nucleus in the ground state, incorporating Coulomb effects, takes the form^ 
Foo{q) = fc{q} + ^ f d'be'^^^'+^^'^'^^[l - e^ (>^ '=(^ )^+x^ W)], 
ZTT J 
where 
fc{q) = -^k exp{i(l)c)/q^ 
Xcib) = STTT] / dt t'pch{t)ln 
xAb) = 2vHkb) 
1 + (1 - 6Vt2)V2 
(b/t) (1 - b'/t'y/' 
in which rj is the fine structure constant, pch is the charge density and 
= -2ri[\n{q/2k) + 5] + 2Y, 
r=0 
V 
r + 1 tan 
-1 V 
r + 1 
(79) 
(80) 
(81) 
(82) 
(83) 
with 5 as the Eular constant. 
The Glauber theory gives the following expression for the nuclear phase 
shifts function XNib)-
1 - exp[ixN(b)] = (*o|r(&;siS2--s.i)|^o), (84) 
where ^o stands for the ground state of the nucleus, Sj is the projection 
of the f^ target nucleon coordinate onto a plane perpendicular to k and 
T{b;si,S2,....SA) is the proton-nucleus profile function, which is related to 
the proton-nucleon profile function Tp^ by 
where 
r{b-SuS2....SA) = il-Sib)), 
s{b) = Y[[i-rMb-sj)] 
(85) 
(86) 
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The proton-nucleon profile function is related to the proton-nucleon amph-
tude through equation (76). 
To obtain the correlation expansion for the elastic scattering ampHtude, 
we follow the approach of Ahmad^^, according to which the product in equa-
tion (86) may be written in terms of an effective profile function 7, in the 
following manner 
5(6) = 1 1 ( 1 - ( r o - 7 i ) ) , (87) 
^j = To-r,Nib-Sj), (88) 
where 
ro = (*o|rp;v(6-s;-)|^o), (89) 
With this, equation (79) provides the following expression for the elastic 
scattering amplitude 
Fooiq) = fc{q) + Fo{q) + E^/(9)> (90) 
1=2 
where 
and 
l{q) = ^  [ e (^9'^ +xp.(f))[i _ (1 _ ro)'^e'^^'^''^]d\ (91) 
ZTT J 
Fi{q) = - ^ / e^ (9-^ +^>^ pt(?)+x=(^ ~))(^ o|(l - ro)^- 'x 
ZTT J 
E E - - E 7 i 7 . . - 7 . | ^ o ) r f ' ^ ' (92) 
The summation in equation (90) starts from 1=2 since 1=1 term does not 
contribute to the elastic scattering. Here it would be appropriate to mention 
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that the expression (92) is true only when the NN amplitude is purely spin-
independent. Once we consider the spin-flip part of the NN amphtude, the 
same expression is no longer valid since the operators involved in the r.h.s. of 
equations (87) and (88) generally do not commute. Fortunately at energies 
under cosideration the spin-depedence in the NN amplitude is fairly weak 
hence we would neglect it thioughout the expansion (90), except in FQ which 
is the leading term in the scattering amplitude. Under this approximation 
the expression (92) for Fi{q) is justified. This also follows from the work of 
Ray^^ which shows that the effect of spin in the treatment of second order 
potential is fairly small. 
The first term FQ in equation (90), which is similar to the independent 
particle model (IPM) result, represents a passive propagation of the pro-
jectile in the field of A nucleons, while the terms Fi{> 2), which may be 
treated as the correction terms to the IPM calculation, describe a passive 
propagation of the projectile in the field of (A-1) nucleons. In other words 
the successive terms in expansion (90) depend upon the one-body density, 
two-body correlation function and so on. More explicitly evaluation of F2 
gives the following expressions: 
F,{q) = ^ ^ ^ 4 r ^ / ' ' ' ' ^ ' ^ (l-ro)^- 'C2(fi ,f2) rib-Si) V{h-S,)dr,df,, 
(93) 
where C2 (two -body correlation function) have the same expression as given 
in ref.[36]. In terms of the ground state densities (form factors) the above 
expression may be written as 
^ (^^ ) = ^^^^ I ^'' ^ '^  (^  - ^ '^^~' \^' - ^«] ' (^ ^^  
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where 
G2 = /d'q,<fq2 e-'^^^^^^^-'f{qi)f{q2)F^'\q^,q2), (95) 
and 
Go = J<fqe-'^'f{q)F{q). (96) 
The quantities F{q),F^'^\qi,q2) in above expressions are the one-, two-body 
form factors respectively: 
F{q) = j p{f)S-''df, (97) 
F^'\qi,q2) = I p^'\fi,r2)e'^^^'-'''+^'-'''^dndr2. (98) 
As mentioned before we restrict ourselves upto F(2) in the expression for 
-P'oo(g) as it is the leading correction to the optical limit result. Evaluation 
of the first term FQ which depends upon the intrinsic ground state density of 
target nucleus is trivial. For evaluating F2 we must know the intrinsic two-
body(density) form factor of target nuclei. In the following these are obtained 
following the approach of Feshbach et.al.^''. These authors introduce a model 
wave function <pM{'ri----fA) in terms of which the intrinsic one-, two-body form 
factors of the nucleus may, at least approximately, be written as: 
F{q) = K{q)FM{q) (99) 
F(^)(gi, 92) = K{q, -f q2)F'S'{qiA2,) (100) 
where FM,F^' are the model one-, two-body form factors obtained from 
equations (97) and (98) by replacing the intrinsic densities by the model 
ones. 
The quantity K(q) is the usual cm. correlation correction factor. 
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It is well known that the above expressions are exact if (J)M is chosen to be 
the fully antisymmetric oscillator wave function. In this case K(q) has the 
form 
K{q) = exp{q^/4:Aa''), (101) 
where a^ is the oscillator constant. Unfortunately the harmonic oscillator 
model is not always adequate, still it seems reasonable to assume that the 
expression (101) provides a good approximation to the more realistic sit-
uation. Following ref. [37,38] we further assume that the model two body 
density may be written as: 
P^S{ri,f2) = N^'^pM{n)pMif2)[l - 9ci\ri - r^]), (102) 
where A''^ )^ are appropriate normalization constants. The quantity gdl'^^i— 
ol)(^'J — 1)2,3) is the phenomenological two body correlation function, 
which has the property 
9c(0) = 1 
ga{r)df=0. (103) 
In this analysis we shall assume for gdr) the simple form^^ 
I'-
g^r) = expi-r^rl) (104) 
with rc(=0.4 fm) as the correlation range. For a realistic description of the 
target the evaluation of equation (98) becomes difficult due to the presence 
of the correlation factor gc in the model two-body density. For the intrin-
sic two-body form factor F^^ ^ we use the following expression as derived in 
ref. [39] 
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F^ n^^ l, gl) = m. + .1) W ^ - ~9c ('^] D^iq, + g.) (105) [K{qr)K{q2) ""^ \ 2 
where gdq) and DM{Q) are the Fourier transforms of gdr) and p|f(r) 
respectively. 
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Chapter 5: 
Results and discussion 
40 
Following the approach outUned in chapter 2, we have performed calcula-
tions in two parts; In the first part we have used non-eikonal (spin-dependent) 
NN amplitude equation (78) to reproduce simultaneously the total NN cross 
section (a), ratio of the real to the imaginary parts of the forward amplitude 
p (= Re /jv7v(0)//m JMNH^)), diflFerential cross section and polarization of 
proton-proton (pp) and proton-neutron (pn) elastic scattering at ~1 GeV. 
The results of the calculations are presented and compaired with the one-term 
amphtude equation (71) in Fig.3 for cross section and Fig.4 for polarization. 
It is found that the non-eikonal amplitude provides a remarkable improve-
ment over the results obtained with the one-term amplitude. The former 
provides a very satisfactory explanation of both differential cross section and 
polarization data upto the available momentum transfers. The values of the 
parameters for the central part in one-term amplitude for pp and pn elastic 
scattering are taken from ref. [11,40] are listed in table 1. As regards the 
spin dependent part in one-term amphtude, it is assumed^°'^^ that / ^ = /^^ 
; the parameter values are the same as used in ref. [10]. The values of the 
parameters in non-eikonal amplitude, which are obtained by fitting the pp 
and pn data, as mentioned above, are listed in table 2. These parmeter val-
ues reproduce exactly the experimental values of a and p for pp and pn 
scattering as given in ref. [11,40]. 
Having obtained the parameter values for non-eikonal NN amplitude we, 
then, consider the second part of our calculations, in which we have analysed 
the differential cross section, polarization, and spin-rotation function of ~ 1 
GeV protons on ^He. The additional inputs needed in the theory are the nu-
clear form factor and the oscillator constant a^. For computational simplicity 
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we parameterize the required nuclear form factor as a sum of Gaussions 
i 
where the parameters aj and bj are determined by fitting the charge form 
factor data^^ after correcting for finite size of the proton. The values of these 
parameters are taken from ref.[41]. The value of oscillator constant a^ oc-
curing in the cm. correlation correction factor is taken from ref.[42]. Since 
in '^He nucleus, proton and neutron densities can be taken equal to a good 
accuracy, we have used average values of the parameters listed in Table 2. 
The results of the calculation are displayed in Fig. 5. This shows the results 
for differential cross section for 1.05 GeV protons on '^He . The doted curve 
is the predictions of the one-term NN amphtude and the solid curve is cal-
culated with the non-eikonal NN amphtude. It is found that the non-eikonal 
NN amplitude provides an improvement over the one-term NN amphtude 
calculations and we find that former provides a satisfactory explanation of 
the data upto the available momentum transfer region. Still large discrep-
ancies exist around q'^ = 0.9{GeV/c)'^. The theoretical result shows a second 
diffraction minimum around g^  = 0.9{GeV/cY, not present in the experi-
ment. Fig.6(a) depicts the corresponding polarization results at 1.03 GeV. 
The doted and the solid curves have the same meanings as in Fig. 5. Here also 
we find that non-eikonal NN amphtude provides an improvement over the 
one-term amplitude, but our result provides only a qualitative explanation 
of the data upto the available momentum transfer region. The results for 
spin-rotation function are predicted in fig.6(b), as no data is available at ~1 
GeV in this case. 
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The effects of phase variation in the non-eikonal amphtude are presented 
in Fig.7, Fig.8. As pointed out in chapter 1, a phase variation of the NN am-
phtude may be carried out by multiplying it with the phase factor e~*'>'' /^. 
The doted curves correspond to no phase variation, while the solid curves 
correspond to 7 = 1.0(Gey/c)~^ (ref.[21]). It is found that the phase vari-
ation with 7 = 1.0(Gey/c)~^ provides only a slight improvement over the 
results with a constant phase. Here it may be noted that though we have 
not shown the results with other values of 7 quoted in ref. [15,18-20], but the 
comparison of the results with different 7 values favours 7 = 1.0{GeV/c)~^. 
In connection with the phase variation, it may be further recalled that 
the present calculation and some earlier calculations take into account the 
phase variation for the central (/^jv) ^^^ spin-dependent (/^^v) parts of the 
NN amphtude by multiplying it with the phase factor e"*'''^  /^. Obviously it 
amounts to taking same phase variations for the central and spin-dependent 
parts of the NN amplitude. In order to see if the situation could be im-
proved, we made another calculation in which we have assumed different 
phase variations for f^p^ and /^jy. Calling the phase variation parameters 
for f^^ and / ^ ^ as jc o-Tid 7^ respectively, we have performed calcula-
tions by treating 7s as a free parameter. The value of 7c is, however, taken 
to be 1.0 {GeV/cY'^ as its determination is connected with the effective NN 
potential which is consistent with the small angle NN scattering data at ~1 
GeV (ref. [21]). It istound that our results favour 7^ = -7M{GeV/cy^. 
The results of such calculations are presented in Fig.9. We find that dif-
ferential cross section (Fig.9) is not affected by using different values of the 
phase variation parameters 7c and 7^ . However the polarization (Fig. 10(a)) 
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and spin-rotation function (Fig.lO(b)) show a remarkable effect of such phase 
variations. We now have a satisfactory explanation of polarization data upto 
g2 ^ 0.3(GeT^/c)2. Still large discrepancies exist for q^ > 0.3{GeV/cf. No 
comments can be made on spin-rotation function unless we have experimental 
data in this case. 
In conclusion, we, thus, find that our analysis of the differential cross 
section and polarization data of '^ 1 GeV protons on ^He shows that the use 
of a non-eikonal NN amplitude, in comparison with the one-term amplitude, 
improves the agreement with the experimental data. As regards the effects 
of phase variation in non-eikonal amplitude, we find that the same phase 
variation in the central and spin dependent parts of NN amplitude does not 
improve our theoretical results. However, if we allow different values and 
opposite signs of the phase variation parameters in the central and spin-
dependent parts, the situation may be improved in the case of polarization. 
The results for differential cross section remain, however, unaffected. 
Finally, it may be noted that the present analysis does not takes account 
the projectile spin in the two-body correlation term, and the influence of A-
propagation in the intermediate steps of multiple scattering, which is found^^ 
to play an important role in reproducing the polarization data beyond the 
second differaction maximum. One hopes that the inclusion of the above 
effects may further improve our theoretical predictions. So, before drawing 
any definitive conclusions regarding the different values and opposite signs 
of the phase variation parameters for the central and spin-dependent parts 
of the NN amplitude, we need to undertake some more studies on proton-
nucleus scattering data around 1 GeV which not only include the data on 
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spin-rotation function but also the effects due to A- propagation and the 
spin-dependence in the two-body correlation term. 
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TABLE 1 
Parameter values for pp and pn one-term amplitude at ~lGeV. 
TABLE 2 
Parameter values for pp and pn non-eikonal amplitude at ^IGeV. 
pp: 
pn: 
a-(/m2) 
3.51 
3.13 
fNNio) 
(5\fw?) 
0.258 
0.321 
P 
-0.181 
-0.303 
fNNiOi) 
Ds PKfm') Ps 
1.259 0.482 1.094 
1.640 0.644 0.526 
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